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Abstract: High water consumption and inefficient irrigation management in the agriculture sector of the 
middle and lower reaches of the Amu Darya River Basin (ADRB) have significantly influenced the gradual 
shrinking of the Aral Sea and its ecosystem. In this study, we investigated the crop water consumption in 
the growing seasons and the irrigation water requirement for different crop types in the lower ADRB during 
2004—2017. We applied the FAO Penman—Monteith method to estimate reference evapotranspiration (ET») 
based on daily climatic data collected from four meteorological stations. Crop evapotranspiration (ET «) of 
specific crop types was calculated by the crop coefficient. Then, we analyzed the net irrigation requirement 
(NIR) based on the effective precipitation with crop water requirements. The results indicated that the 
lowest monthly ET» values in the lower ADRB were found in December (18.2 mm) and January (16.0 mm), 
and the highest monthly ETo values were found in June and July, with similar values of 211.6 mm. The 
annual ET. reached to 887.2, 1002.1, and 492.0 mm for cotton, rice, and wheat, respectively. The average 
regional NIR ranged from 514.9 to 715.0 mm in the 10 Irrigation System Management Organizations (UISs) 
in the study area, while the total required irrigation volume for the whole region ranged from 4.2*10° to 
11.6X10° m? during 2004—2017. The percentages of NIR in SIW (surface irrigation water) ranged from 
46.4% to 65.2% during the study period, with the exceptions of the drought years of 2008 and 2011, in 
which there was a significantly less runoff in the Amu Darya River. This study provides an overview for 
local water authorities to achieve optimal regional water allocation in the study area. 
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1 Introduction 


Irrigation is an important aspect of water resource management in inland river basins, and is critical 
to policy formulation in the agriculture sector. Water security in arid regions is extremely sensitive 
to climate change and increasing human activities (Timpane et al., 2017; Waseem et al., 2020; 
Zhong et al., 2020). It is closely tied to knowledge of the existing available water resources and the 
spatial-temporal variations of water demand from different water users (Masafu et al., 2016; Deng 
and Chen, 2017; Luo et al., 2017). The Amu Darya River (ADR) is vital to life in four central Asian 
countries because it is the major source of water in these regions and provides water resources for 
domestic, agriculture, power generation, and industrial purposes (Jiang et al., 2014; Omurakunova 
et al., 2020). Climate change in the headwater region and human activities in the lower reaches 
jointly impact on water availability along the river (Ahmed et al., 2019; Lee et al., 2019; Sun et al., 
2019). Calculations of the water consumption for individual crop types are an important element 
of a regional water balance analysis. These calculations are useful in regional water resource 
planning, improving the efficiency of irrigation systems and maintaining supply and balance in 
canal systems (Multsch et al., 2017; Xue et al., 2017). Regulating irrigation efficiency is an 
important policy process for agricultural development (Sime and Aune, 2018). Through the 
improvement of water policy and management in arid regions, significant water savings could be 
achieved in irrigated agriculture (Koch and Missimer, 2016; Gafforov et al., 2020). 

The Amu Darya River Basin (ADRB) is an inland river basin in Central Asia (Hamidov et al., 2016; 
Howard and Howard, 2016), and is shared by Turkmenistan and Uzbekistan for agriculture 
(Gintzburger et al., 2005; Rakhmatullaev et al., 2009). During recent decades, a large increase in 
water was used for irrigation, particularly for cotton production (Abdullaev et al., 2009; Conrad et al., 
2011), which has been a leading factor in the retreat of the Aral Sea and its ecological deterioration 
(Oren et al., 2010; Yu et al., 2018). Although the misuse of water began in the mid-1920s when the 
Aral Sea Basin was under control of the Soviet Union (Dukhovny and Stulina, 2001; Jiang et al., 
2017), massive water withdrawal of irrigation canals, such as the Karakum Canal (Hannan, 2000; 
Berking et al., 2017; Brite, 2018), has caused severe water scarcity in the downstream region 
(Khasankhanova, 2005; Jalilov et al., 2016). In 1991, renovation of the river channel was launched by 
the state government to minimize the damage to the natural water system (Djanibekov et al., 2012). 
However, little research has paid attention to irrigation water requirements and irrigation efficiency in 
the lower ADRB due to the lack of location-specific crop type information and irrigation scheduling 
for different crops (Karthe et al., 2015). Irrigation efficiency is extremely low in the oasis located in 
the lower ADRB (Awan et al., 2014; Sidike et al., 2016). Improper use of irrigation water would 
adversely affect crop yields in the lower ADRB (Aleksandrova et al., 2016; Reyer et al., 2017). 

Uzbekistan is considered as one of the largest irrigation farming countries in Central Asia. Proper 
use of existing water and land resources can increase crop production and yields in the agriculture 
sector. Moreover, the determination of the water requirement for a particular crop can prevent large- 
scale wastage of water in addition to normal watering of crops (Duchemin et al., 2006; Stancalie et 
al., 2010). In order to minimize the water shortages in Uzbekistan, including the lower ADRB 
(Wegerich, 2002; Strickman and Porkka, 2008), it is important to systematically irrigate the crops 
based on their actual water demand (Abdullayev et al., 2008; Conrad et al., 2015). Evapotranspiration 
is one of the best indictors to quantify the impact of climate change and estimate the water 
consumption of different crop types (Herath et al., 2017; Huang et al., 2018); the FAO (Food and 
Agriculture Organization of the United Nations) CROPWAT model is a widely used method for 
calculating actual crop water use due to its practicability (Allen et al., 2005; Srivastava et al., 2018; 
Tan and Zheng, 2019). 

Therefore, the objective of this study is to investigate the spatial-temporal changes of crop 
evapotranspiration (ET,) with water requirements for the main crop types cultivated within the 
irrigated area of the lower ADRB. The study estimated the ET, of cotton, winter wheat, rice, maize, 
alfalfa, different fruits and vegetables, melon, and potato (household-based) during the growing 
seasons for the period of 2004-2017. The results obtained will help to improve the irrigation 
efficiency, prevent water wastage, and ensure optimal regional water allocation in the study area. 
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2 Study area and data collection 


2.1 Study area 


The study area is the lower reaches of the ADRB (Fig. 1a), which is located in the Republic of 
Uzbekistan, Central Asia. The ADR is one of the major water sources in Uzbekistan and contributes 
the largest amount of water inflow to the Aral Sea. The main river sources of the ADR are the Vaxsh 
and Panj rivers (upstream) in the Republic of Tajikistan and Afghanistan. The length of the ADR is 
2540 km from the Panj River, which is the main tributary of the ADR. Previously, the water 
management system was governed at a regional level in Uzbekistan. Since 21 July 2003, the 
previous water management system (administrative-territorial) was replaced with a basin principle 
of irrigation systems management (Aminova and Abdullayev, 2009). The Ministry of Agriculture 
and Water Resources divided the country into several large river basins, named the Basin 
Management of Irrigation Systems (BUIS); several Irrigation System Management Organizations 
(UISs) were included in each BUIS. The main task of BUIS is the allocation of water to irrigation 
systems and main canals. UISs control the water distribution of district canals and each UIS gives 
feedback to the main BUIS. The Water User's Association (WUA) is responsible for the water 
distribution to farmers. Farmers are responsible for water demand and water delivery regime to the 
WUAs according to crop type and crop area (Bobojonov, 2008). The lower ADR BUIS 
(42°54'31.20''N, 59°12'44.24”E) in the lower ADRB is one of the largest basin management areas 
in Uzbekistan (Fig. 1b). The elevation in the study area decreases from south-west to north-west 
and ranges from 100 to 60 m above sea level. 

The major portion of the study area is located in the Republic of Karakalpakstan (an autonomous 
republic within Uzbekistan) in Uzbekistan with six UISs (area of 1.89x10* km?) and the remainder 
lies in the Khorezm region with four UISs (area of 0.46x10* km’). The irrigated area is about 
0.75x10°-0.80x10° hm’. The annual average air temperature is about 5.0°C—7.0°C and the 
maximum summer temperature reaches 40.0°C. In winter, the minimum temperature decreases 
below —20.0°C. The number of sunny days in this region is 180—200 d/a. Annual precipitation 
ranges from 100 to 140 mm. Irrigated agriculture in the study area is the largest water consumer in 
Uzbekistan. Available water resources can be lower than 4.147x10° m? in a dry year and higher 
than 11.581x10° m’? in a wet year. Agriculture water consumption largely depends on surface water, 
mainly from the ADR. 


2.2 Data Sources 


2.2.1 Meteorological data 


The meteorological data from 2004 to 2017 at the Kungrad, Chimbay, Nukus, and Urgench stations 
were obtained from the National Oceanic and Atmospheric Administration 
(https://gis.ncdc.noaa.gov/maps/ncei/cdo/daily), which included the daily average temperature, 
daily maximum temperature, daily minimum temperature, dew point temperature, average wind 
speed, average air pressure, and precipitation. Monthly precipitation and temperature from the 
Center of Hydrometeorological Service of the Republic of Uzbekistan (Uzgidromet) were used for 
comparison and assessment of the accuracy of the downloaded climate data. The factors of spatial 
distributions were processed by Thiessens Polygon (Wu et al., 2019). 

To understand the background information about this region, we analyzed annual average 
temperature and annual precipitation at the four meteorological stations (i.e., Chimbay, Kungrad, 
Nukus, and Urgench). During 2004—2017, annual average temperature ranged from 11.0°C to 
14.5°C in the study area and showed decreasing trends at all four meteorological stations. The 
variations of annual average temperature of the four meteorological stations were similar; the 
minimum values were found in 2014, and the maximum values were observed in 2004 and 2016 
(Fig. 2a). The values of average annual precipitation ranged from 80 to 180 mm during the study 
period (2004—2017) and showed increasing trends at all the meteorological stations; the Chimbay 
station had the highest annual precipitation, and the lowest value was recorded at the Urgench 
station (Fig. 2b). 
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Fig. 1 Location of the Amu Darya River Basin (ADRB; a) and distribution of the 10 UISs (Irrigation System 
Management Organizations) as well as meteorological stations (b) in the lower Amu Darya BUIS (Basin 
Management of Irrigation Systems) 

2.2.2 Planting pattern and crop coefficient (Ke) 

The main crop types in the lower ADRB included cotton, wheat, rice, maize, alfalfa, different fruits 
and vegetables, melon, potato (household-based), and feed crops (mainly sorghum). The area for 
each crop type as a percentage of the total area during 2004-2017 is shown in Figure 3. Each 
irrigation area had its own variation within the cultivated area. Cotton, wheat, rice, and sorghum 
are the main crops in the study area. There was a great difference in planting patterns among the 10 
UISs. For the four UISs in the northern part of the study area, named Suenli, Kattagar-Bozatau, 
Kizketken-Kegeyli, and Kuanishjarma, sorghum was the most important crop type, accounting for 
more than 60% of the study area; for the six UISs in the southern part, cotton was the main crop 
type, occupying 40% of the total irrigated area of the lower ADR BUIS; the planting area of wheat 
was not large, accounting for 15% of the study area. In the lower ADRB, the planting of rice was 
mainly distributed in the UISs of Kattagar-Bozatau, Kuanishjarma, Koramazi-Kilichniyozboy, and 
Toshsoka, and the percentages of planting areas were less than 10%. However, the planting area of 
rice gradually increased from 2004 to 2017, especially in the Kattagar-Bozatau, 

Kuanishjarma, and Toshsoka UISs, due to ascending market prices. 
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Fig.2 Annual average temperature (a) and annual precipitation (b) changes of the four meteorological stations in 
the study area from 2004 to 2017. The dotted line represents the trend. 
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Fig. 3 Planting pattern showing the proportions of cultivated crops by irrigated area in different UISs in the study 
area during 2004-2017 


Due to the elevated geography and local climatic conditions, the growing season started two or 
three weeks later in the northern regions (e.g., Khorezm and Karakalpakistan) compared with other 
regions in Uzbekistan (Bobojonov et al., 2013; Boboev et al., 2018). Crop seeding and harvesting 
dates were collected from the Ministry of Agriculture and Water Resources. K. values represent 
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crop-specific characteristics, which depend on crop types, growing stages, duration, climate, and 
location (Allen et al., 2005). K. is the property of plants used in estimating evapotranspiration 
(Tyagi et al., 2000). It was considered from the FAO database for each crop type during initial, 
development, mid-season, and late-season stages (Schieder, 2011). Crop seasonal information in 
the study area is listed in Table 1. 


Table 1 Crop seasonal information in the study area 


Vegetation period K. 

ae Planting date Harvesting date Days (d) ane er ae ms aha 
Cotton 12 Apr 23 Oct 195 0.35 0.77 1.20 0.60 
Wheat 16 Sep 13 May 240 0.70 0.92 1.15 0.25 
Rice 20 May 16 Sep 150 0.50 0.73 1.03 0.76 
Alfalfa 2 Mar 1 Mar 365 0.40 0.67 0.95 0.90 
Maize 21 Apr 23 Aug 125 0.30 0.80 1.20 0.35 
Vegetables 5 Feb 10 May 95 0.70 0.87 1.05 0.95 
Melon 28 Apr 25 Aug 120 0.50 0.77 1.05 0.75 
Fruits 21 Apr 20 Apr 365 0.30 0.57 0.85 0.45 
Sorghum 1 May 8 Sep 130 0.30 0.65 1.00 0.55 
Potato 10 Mar 17 Jul 130 0.50 0.82 1:15 0.86 


Note: K., crop coefficient. 


3 Methodology 


3.1 Reference evapotranspiration (ETo) 


The FAO Penman-Monteith model has been considered the universal standard to estimate ETo 
(Chen et al., 2005; Sentelhas et al., 2010) and is widely used globally in the absence of measured 
data (Surendran et al., 2015; Kamali and Nazari, 2018; Rahimzadegan and Janani, 2019). The 
variables used for the calculation of ETo in this study included daily maximum and minimum 
temperature, humidity, hours of sunshine, and wind speed. ETo values were calculated in 
CROPWAT 8.0 software in daily time steps and adjusted to a monthly scale for analysis. The 
calculation formula is listed as follows: 
90 


0.408AR, -G)+y 2 u,(e,—e, ) 
+ 


T +273 
ET, = i 1 
° A+y(+0.34u,) "a 


where ETo is the reference evapotranspiration (mm/d); R, is the net radiation at the crop surface 
(MJ/(m*-d)); G is the soil heat flux density (MJ/(m?-d)), which is equal to zero; T is the daily mean 
air temperature at 2 m height (°C); u, is the wind speed at 2 m height (m/s); es is the saturation 
vapor pressure (kPa); ea is the actual vapor pressure (kPa); esea is the saturation vapor pressure 
deficit (kPa); A is the slope vapor pressure curve (kPa/°C); and y is the psychometric constant 
(kPa/°C), which is considered as 0.0677 kPa/°C. 

Allen et al. (1998) recommended the following equations to estimate net radiation: 


N = R7 Rio (2) 
= 0.77 SR, (3) 
SR=0.75xR,, (4) 
(Trapt 273.3) + (Trig + 273.3) 
R,=0 > x(0.34-0.14Je, )x 1355-0. 35 |, (5) 


where R,, is the net shortwave radiation (MJ/(m?-d)); Rn is the net longwave radiation (MJ/(m*-d)); 
SR is the incoming solar radiation (MJ/(m?-d)); Ra is the extraterrestrial solar radiation (MJ/(m?-d)), 
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depending on the Julian day number and station latitude, calculated as described by Allen et al. 
(1998) for each station; ø is the Stefan—Boltzmann constant (4.903x10-? MJ/(m*-d)); Tmax and Tmin 
are the maximum and minimum temperature, respectively (°C); and SRo is the clear sky solar 
radiation (MJ/(m?-d)). The other parameters in Equation 1 were determined as follows: 


4098| 0.6108% exp] 77 Trem 
T ean + 237.3 


mean 


A= 


6 
(Taen t 237.3) m 


mean 


where A is the slope vapor pressure curve (kPa/°C); and Tmean is the daily mean temperature (°C). 


17.27xT, 17.27xT,, 
0.6108exp| < ma | 14] 0.6108exp] -4min 
T. +237.3 T. +237.3 


max min 
ae , (7) 
2 
where es is the saturation vapor pressure (kPa); Tmax is the maximum temperature (°C); and Tmin is 
the minimum temperature (°C). 


¢, =0.6108xexp| i | (8) 
Tew + 273.3 


where e, is the actual vapor pressure (kPa); and Tew is the dew point temperature (°C). 
3.2 Crop water requirement (CWR) 


The CWR is the amount of water equal to the amount lost from a crop due to evapotranspiration 
and is equal to the total actual evapotranspiration in a crop field during the growing seasons (Ye et 
al., 2015). Estimation of CWR is derived from ET., which can be calculated by Equation 9: 


CWR =ET. =K, x ET), (9) 


where ET; is the crop evapotranspiration (mm); Ks is the crop coefficient at a specific growth stage 
(dimensionless); and ETo is the reference evapotranspiration (mm). Due to the difference in 
planting patterns among the irrigation regions, the CWR varies by UISs (Güçlü et al., 2017; Tao et 
al., 2018); accordingly, we calculated the regional crop water requirement (CWRieg) in different 
UISs using Equation 10: 


SET, x A, 
CWR eg = E E (10) 
where CWRieg is the average crop water requirement by each UIS (mm); i is a special type of crop 
(i=1, 2, 3, ..., 10), such as cotton, wheat, rice, maize, alfalfa, melon, vegetables, potato, and 


sorghum; ET. is the crop evapotranspiration (mm) for a special type of crop i; A; is the planting 
area of crop type i (m7); and A is the total crop area in the UIS (m°). 
3.3 Effective precipitation (Perr) and net irrigation requirement (NIR) 


Effective precipitation is the fraction of the total precipitation as rainfall and snow melt that is 
available for crop use and can be stored in soil (Döll and Siebert, 2002). In this study, following 
equations were used to calculate the Per (Ali and Mubarak, 2017; Veeranna and Mishra, 2017): 


Px(125x0.2x3x P 
yg = E it Px cam, a1) 
125 3 
Pa = 40.1xP, if P> mm, (12) 


where Pett is the effective precipitation (mm), which is used in the CROPWAT model to calculate 
monthly precipitation values; and P is the monthly precipitation (mm). 

The NIR (mm) is the water quantity required for the growth of the crop, or the amount of water 
necessary to reach the field capacity of the soil. It can represent the difference between CWR and 
Pett (Ali et al., 2010). The NIR for each crop type can be calculated by the following equation: 
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NIR = CWR — P,,. (13) 


To compare with the real irrigation volume of each UIS, we calculated the regional net irrigation 
requirement (NIRreg, mm) and regional irrigation water demand (IWDyeg, m°) as follows: 


NIR Wg = CWR vg — Riro (14) 
IWD ee = e x A, (15) 


where NIRreg is the regional net irrigation requirement for each UIS (mm); Perr is the average 
effective precipitation within the UIS; and A is the total crop area (m°) in the UIS. 


4 Results and discussion 


4.1 Estimation of ETo 


The ET» values were calculated at a daily scale and adjusted to monthly data. The maximum values 
of ETo were found in summer months (i.e., 211.6 mm in June and July) and the minimum values 
were observed in winter months (i.e., 18.2 mm in December and 16.0 mm in January) (Fig. 4). The 
ET» ranged from 1110.0 to 1193.0, 1137.0 to 1256.0, 1147.0 to 1224.0, and 1126.0 to 1224.0 mm/a 
at the Chimbay, Kungrad, Urgench, and Nukus meteorological stations, respectively. Both the 
highest monthly ETo and the highest average annual ETo were found at the Kungrad station. 
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Fig. 4 Monthly reference evapotranspiration (ETo) changes at the Chimbay (a), Kungrad (b), Nukus (c), and 
Urgench (d) stations during 2004-2017. The box and whisker plots show the five-number summary of a set of 
data: the minimum score, first (lower) quartile, median, third (upper) quartile, and the maximum score. The center 
represents the middle 50%, or 50" percentile of the data set, and is derived using the lower and upper quartile 
values. The median value is displayed inside the "box." The maximum and minimum values are displayed with 
vertical lines ("whiskers") connecting the points to the center box. 


4.2 Estimation of CWR in the lower ADRB 


CWR values for different crop types during 2004—2017 were calculated separately for each UIS. 
As shown in Figure 5, cotton, rice, alfalfa, and fruit crop fields had the biggest water consumption, 
in which the average CWR values during the growing season in the lower ADRB were 887.2, 
1002.1, 991.4, and 883.6 mm, respectively. The average CWR for wheat fields was 492.0 mm, 
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which was the lowest value in the study area. The average CWR values for maize, vegetables, 
melon, potato, and sorghum were 674.9, 619.1, 640.2, 588.5, and 665.0 mm, respectively. 
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Fig. 5 Crop water requirement (CWR) for main crop types during 2004—2017. The box and whisker 
plots show the five-number summary of a set of data: the minimum score, first (lower) quartile, median, third 
(upper) quartile, and the maximum score. The center represents the middle 50%, or 50th percentile of the data 
set, and is derived using the lower and upper quartile values. The median value is displayed inside the "box." The 
maximum and minimum values are displayed with vertical lines ("Whiskers") connecting the points to the center 
box. Different colors represent different crop types. 


To evaluate the accuracy of the ET; estimation of different crop types in the lower ADRB, we 
compared the estimated ET. values for cotton, wheat, rice, other grain (sorghum), alfalfa, 
vegetables, and potato with previous studies (Bobojonov, 2008; Schieder, 2011; Liu et al., 2020), 
and the results are shown in Table 2. The results showed reasonable ranges, although our estimated 
ET, values for cotton and alfalfa were higher than those reported by Bobojonov (2008) and Schieder 
(2011), and were similar with the results of Liu et al. (2020). The estimated ET, values for wheat, 
rice, sorghum, and vegetables were between the results of the three previous studies, and the 
estimated ET. for potato was the lowest in the previous calculations. The differences can be 
attributed to global change factors that were prevalent at the regional scale, such as decrease in 
temperature, soil moisture, and K. changes (Evett et al., 2007; Aleksandrova et al., 2016; Ivushkin 
et al., 2017). In addition, an uncertainty factor resulting from meteorological input data cannot be 
ruled out. Previous studies were carried out in different time periods, and new climatic conditions 
may produce different ET, in this long and continuous time series. 


Table 2 Comparison of the average crop evapotranspiration (ET-) values for main crops in the study area 


ET, (mm) 
Year/Period Reference 
Cotton Wheat Rice Sorghum Alfalfa Vegetables Potato 
2018 866.5 438.3 950.0 - - - - Liu et al. (2020) 
2003 762.2 509.2 758.0 598.8 881.8 866.9 760.4 Schieder (2011) 
2006-2007 799.0 383.0 1050.0 704.0 700.0 619.0 625.0 Bobojonov (2008) 
2004-2017 887.2 492.0 1002.1 665.0 991.4 619.1 588.5 This study 


Note: -, no data. 


Figure 6 shows the CWRyeg in the 10 UISs. The results indicated that the CWRreg values of the 
four UISs in the northern part of the study area was lower than those of the six UISs in the southern 
part. The lowest CWRreg was 599 mm in the Kizketken-Kegeyli UIS, which was observed in 2004; 
the highest CWRreg was 780 mm in the Pakhtaarna-Nayman UIS, which was observed in 2016. The 
amount of CWReg in a certain area depended on both climate condition and crop planting patterns. 
The most important factor influencing the CWRreg was the change of temperature, which was the 
basic input data in the evapotranspiration calculation. In the four UISs with lower CWRyeg values in 
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Fig. 6 Variations of the UIS-based regional crop water requirements (CWRreg) in the lower ADRB during 
2004-2017. 1, Suenli; 2, Kattagar-Bozatau; 3, Kizketken-Kegeyli; 4, Kuanishjarma; 5, Mangit-Nazarkhan; 6, 
Koramazi-Kilichniyozboy; 7, Shovot-Kulovot; 8, Pakhtaarna-Nayman; 9, Polvon-Gazavot; 10, Toshsoka. 


the northern part of the study area, lower temperatures were observed at the Chimbay and Kungrad 
metrological stations, and in the six UISs with higher CWRreg values in the southern part, higher 
temperatures were observed at the Nukus and Urgench metrological stations. Moreover, crops with 
low water consumption, such as sorghum and wheat, were the main crop types in the four UISs in 
the northern part, averagely accounting for 71.1%, 70.6%, 69.7%, and 69.2% of the total crop area 
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of the Suenli, Kattagar-Bozatau, Kizketken-Kegeyli and Kuanishjarma UISs, respectively, during 
2004—2017. For the six UISs in the southern part, particularly in the Koramazi-Kilichniyozboy and 
Shovot-Kulovot UISs, the area percentages of cotton and rice were relatively higher than those in 
other UISs, and the CWRreg in these two UISs was the largest in the whole study area. 


4.3 Estimation of the Per and NIR 


The key factor in irrigated agriculture is the proper allocation of water (Samian et al., 2014). 
Because the Ministry of Agriculture and Water Resources determines the water supplied to each 
crop in Uzbekistan at the beginning of every year, improper use of the specified water may lead to 
many negative consequences, such as a lack of water in the downstream zone. Figure 7 shows the 
variations of CWR, Petr, and NIR at the BUIS scale. The NIR values were substantially different 
among crop types, and the variation of NIR was highly related to the changes of CWR and Per. The 
type of crop with the largest water requirement was rice, while the smallest was wheat. For most 
types of crops (except for wheat), the highest estimated CWR values were found in 2014, and the 
lowest CWR values were observed in 2004. Due to the difference of growth periods for the main 
crop types, even under the same or similar climatic conditions, the Per of each crop was quite 
different. The highest Perr was estimated for fruits and alfalfa, because of the high precipitation 
received during the whole year; the lowest Per was estimated for rice. Higher Perr values were 
observed in 2007 and 2016. 
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Fig.7 Crop water requirement (CWR; a), effective precipitation (Perr; b), and net irrigation requirement (NIR; 
c) for different crop types at the BUIS scale during 2004-2017 


The lower Pert indicates that supplementary irrigation is needed to meet the daily CWR. Therefore, 
rice was the crop type with the highest irrigation water requirement, and its NIR values ranged from 
901.4 to 1046.0 mm during 2004-2017; however, the lowest NIR was found in 2007 due to the 
higher Per in that year. The lowest NIR values occurred in wheat fields, ranging from 347.3 to 433.7 
mm. Figure 8 shows the calculation results of NIRreg and [WDreg in the 10 UISs. The results 
indicated that the estimated NIRreg of various crops was also similar in different UISs because of 
the similar climatic conditions in the study area; however, due to the difference of crop planting 
structure and total area in different UISs, the [WDyeg was quite different. The NIRreg values were 
514.9 and 715.0 mm, respectively, in the Kizkegen-Kegeyli (2004) and Koramazi-Kilichniyozboy 
UISs (2017). The highest IW Dreg range in the Suenli UIS depended on the crop area, which changed 
from 1010.0x10° to 1200.0x10° m?. The lowest IWDyeg ranged from 228.0x10° to 255.0x10° m3 in 
the Koramazi-Kilichniyozboy UIS and from 260.0x10° to 302.0x10° m? in the Kattagar-Bozatau 
UIS; these areas used less irrigation. 


4.4 Analysis of the irrigation water utilization in the lower ADRB 


Generally, the ratio of irrigation water requirement to actual irrigation water can be used to express 
the irrigation efficiency. Here, the actual irrigation water volume included irrigation water from 
the surface water and groundwater (Ma et al., 2018). However, only the actual irrigation volume 
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Fig. 8 Variations of regional net irrigation requirement (NIRreg) and regional irrigation water demand 


(IWDreg) on average in the 10 


UISs during 2004-2017 


from the surface water (namely surface irrigation water (SIW, m*)) during the study period was 
obtained. As shown in Figure 9, surface water suppled to irrigation areas in the lower ADRB was 
closely related to the inflow of the ADR (i.e., at the Tuyamuyun-out hydrological station). The 
actual SIW allocated to the study area ranged from 4.2x10° to 11.6x10° m? during 2004-2017. The 
highest SIW values were found in 2005 and 2010, which were typical wet years; the lowest SIW 
occurred in 2008. In order to analyze the utilization degree of the SIW in the study area, we 
calculated the percentages of IWD (the sum of [WDyeg in the 10 UISs, m°) in SIW. The percentages 
ranged from 46.4% to 65.2%, which indicated that a significant amount of surface water that was 
distributed in the lower ADRB was wasted. However, in the drought years of 2008 and 2011, the 
inflow water from the ADR decreased sharply, and the percentages of IWD in SIW rose to 97.3% 
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and 98.6%, respectively; more groundwater must be extracted to supplement the shortage of 
irrigation water (Vlek et al., 2001). In this region, flood irrigation in sandy soils has low efficiency 
due to high water wastage. Another major problem is that some regions reuse the irrigation return 
water, which naturally increases the salinity of the fields (Akramkhanov et al., 2018). Therefore, it 
is necessary to develop optimal water allocation patterns according to the real irrigation demand in 
each UIS (i.e., [WDyeg), which would be scientific references and basis for water allocation at the 
crop field or regional scales; water-saving technologies should be applied to improve the efficiency 
of irrigation water. 

According to the results obtained in this study, at the BUIS scale, high water-consuming crops, 
including cotton, alfalfa, and rice, consumed over 40% of the irrigation water in the lower ADRB. 
Conrad et al. (2016) indicated that winter crops have the potential for saving river water, due to the 
lowest ratio of IWD to CWR for wheat. However, the economy highly depends on the cotton 
production in Uzbekistan, and there is little chance to widely promote the wheat planting. Over the 
past few decades, the overuse and waste of surface water resources have indirectly affected the Aral 
Sea and ecological environment of the region. This requires more consideration of the ecological 
benefits in irrigation water allocation and water resources plan in the lower ADRB. 
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Fig.9 Comparison of the surface irrigation water and inflow from the ARD. SIW, surface irrigation water. 


5 Conclusions 


In this study, reference evapotranspiration (ETo), crop evapotranspiration (ET), and crop water 
requirement (CWR) in the lower Amu Darya River Basin (ADRB) during 2004-2017 were 
estimated by applying the FAO Penman—Monteith method, and the net irrigation requirement (NIR) 
was also analyzed. The average ET. (representing CWR) values of cotton, rice, and wheat were 
887.2, 1002.1, and 492.0 mm, respectively. Regional CWR values of the 10 UISs ranged from 598.7 
to 779.9 mm, and regional NIR ranged from 514.9 to 715.0 mm in the vegetation period each year. 
More than 40% of the irrigation water was consumed by cotton, alfalfa, and rice, having high NIR 
values. The annual volume of surface water allocated to the lower ADRB changed from 4.2x10? to 
11.6x10° m?. However, at least 46.4%-65.2% of the water was wasted in the irrigation processes. 
The main reason for the loss of irrigation water is the long-standing prevalence of flood irrigation. 
In addition, natural water losses from canals (evaporation and infiltration) are often severe. 
Excessive irrigation not only wastes water resources in arid inland regions, but also results in 
fertilizer loss, soil salinization, and water logging. 

Both the results of CWR and NIR at the crop field and regional scales can be used as scientific 
references for irrigation water allocation and optimization among the UISs in the lower ADRB. The 
existing irrigation procedures have significant potential to be revised by introducing water-saving 
approaches and innovative technologies such as drip irrigation. In most irrigation areas of Xinjiang 
Uygur Autonomous Region, China, drip irrigation and other water-saving irrigation modes have 
been widely implemented, and the irrigation efficiency of water resources has been significantly 
improved. These will help to improve the efficiency of irrigation water in the lower ADRB, 
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Uzbekistan. As such, this study will assist in alleviating severe water policy tensions through 
sustainable management of water consumption among agrarian communities in the study area. 
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